HD molecules can be an important cooling agent of the primordial gas behind the shock waves originated through mergings of the dark matter haloes at epochs when first luminous objects were to form. We study the necessary conditions for the HD cooling to switch on in the low temperature range T < 200 K. We show that these conditions are fulfiled in merging haloes with the total (dark matter and baryon) mass in excess of M cr ∼ 10
INTRODUCTION
Cooling of primordial gas is determined by molecular hydrogen, which forms in an expanding universe after recombination (Lepp & Shull 1983 , Puy et al 1993 , Palla, Galli & Silk 1995 , Galli & Palla 1998 , Stancil, Lepp & Dalgarno 1998 . Inside the first virialized dark matter haloes the fraction of H2 can reach 10 −3 , which is able to cool gas to 200 K. At lower temperatures energy losses in roto-vibrational H2 lines become insufficient to cool gas further. On the other hand, owing to a low rotational energy and a large dipole moment HD molecules might be an efficient coolant at T < 200 K. However, the abundance of HD is fairly sensitive to thermal history of the gas, so that the question of whether HD dominates radiative cooling at low temperatures or its contribution is negligible depends on physical conditions along the evolutionary path. This circumstance is reflected in conradictory conclusions about the role of HD in thermodynamics of primordial gas: for instance, Lepp & Shull (1983) , Bromm, Coppi & Larson (2002) point out that HD cooling cannot dominate in primordial gas when the first objects form, while Bougleux & Galli (1997) , Puy & Signore (1997 , and more recently Uehara & Inutsuka (2000) , Flower (2002) , Nakamura & Umemura (2002) , Flower & Pineau des Forets (2003) and Machida et al (2004) find that HD molecules form in significant amount and can play a dominant role in thermal regime of pregalactic gas.
Transformation of H2 molecules into their isotop analog HD is energetically favoured because of higher binding energy of HD molecules. In equilibrium (Solomon & Woolf 1973 , Varshalovich & Khersonskii 1976 ⋆ E-mail:yus@phys.rsu.ru † E-mail:eugstar@mail.ru n(HD) n(H2) = 2 n(D) n(H) e 465/kT .
It is seen, that at T < ∼ 150 K radiative HD cooling can enhance chemical fractionation of deuterated molecules progressively: a small decrease in temperature results in an increase of n(HD)/n(H2), what in turn increases radiative cooling in HD lines (Shchekinov, 1986) . In realistic conditions thermal equilibrium can be reached only in a characteristic time depending on a set of chemical reactions which control the transformation H2 ⇐⇒HD. In primordial gas H2 converges into HD most efficiently in the reaction H2+D + → HD+ H + (Palla et al. 1995) ; other channels are unimportant on the Hubble time. The background H2 abundance and the frozen-out post-recombination fractional ionization x ∼ 10 −4 are sufficient to support deuterated H2 only at the level n(HD)
Thus, a necessary condition for the H2 → HD convergence to be efficient is that both H2 and electrons are abundant. In a cosmological pregalactic substrate such conditions are most naturally fulfiled behind shock waves associated with formation and virialization of dark matter haloes (Tegmark et al. 1997 , Barkana & Loeb 2001 . When formed in sufficient amount HD molecules can cool gas down to the temperature of the CMB radiationthe lowest possible temperature, and thus provide conditions for formation of low-mass stars. It is clear that this can occur with shock waves whose parameters (for instance, postshock temperature, total mass involved, and so on) have reached some critical values.
In the hierarchical scenario dark matter haloes of larger mass form through mergings of smaller objects -minihaloes (see for review Barkana & Loeb 2001 , Ciardi & Ferrara 2004 . In these conditions the baryonic component of dark haloes is compressed by shock waves. Apparently, all subsequent evolution of baryons in dark haloes and their conden-sation into stars is determined by these shock waves. Futhermore, one can consider that the virial state of dark matter haloes and their baryons is reached through formation of shocks. It is clear, that the physical state of the baryons processed by shocks depends on many factors, such as geometry of a shock front, duration of a compressing flow etc. However, basics characteristic features can be understood in the framework of a head-on collision of two clouds of equal masses (Suchkov, Shchekinov & Edelman 1983 , Shapiro & Kang 1987 . In the context of the hierarchical scenario a possible role of shock waves in enhancing H2 cooling and stimulation of primordial star formation was studied by Yamada & Nishi (1998) , and more recently by Cen (2003) . Radiative cooling in H2 lines was indeed found extremly efficient in decreasing the postshock temperature to ∼ 100 K. In spite of the fact that HD molecules are expected to form at this temperature, HD chemistry was not taken into consideration in this analysis. The main goal of our study are the conditions when HD molecules can be the dominant cooling agent in a pregalactic gas.
In Section 2 we describe a simple thermo-chemical model of a shocked gas; in Section 3 the conditions for HD molecules to be the dominant cooling agent are analyzed; in Section 4 we discuss qualitatively a possibility of a cold compressed layer to fragment; the discussion and summary of the results are given in Section 5.
Throughout the paper we assume a ΛCDM cosmology with the parameters (Ω0, ΩΛ, Ωm, Ω b , h) = (1.0, 0.71, 0.29, 0.047, 0.72) as inferred from the Wilkinson Microwave Anisotropy Probe (WMAP), and deuterium abundance 2.62 × 10 −5 (Spergel et al. 2003) .
THERMO-CHEMISTRY OF POSTSHOCK GAS
For simplicity, we assume a head-on collision of two identical minihaloes, which are virialized at redshift z and have density of matter 18π 2 Ωmρc(1 + z) 3 , ρc being the critical density; the collision is assumed to take place at the same redshift z. The minihaloes move with the relative velocity vc = √ 3σ, where σ is a 1D velocity dispersion of the larger halo
In the center of mass a discontinuity forms at the symmetry plane, and two shocks propagate outwards. The time for the shock to pass through the entire minihalo is tc = 3R(M )/2vc. As it was pointed out by Gilden (1984) for supersonic collisions the rarefaction time in transverse direction is greater than the collision time, which means that a 1D scheme describes the overal picture qualitatively correct. We assume the post-shock flow to be isobaric (Suchkov et al. 1983 , Shapiro & Kang 1987 , Anninos & Norman 1996 . The initial post-shock temperature is
where the post-shock gas is assumed to be isothermal, Te = Ti.
Chemical kinetics and thermal regime of the gas are described by the following set of equationsẋ
where k is the Boltzmann constant, xi is the fraction of i-th species, Fi(x, T, n), Di(x, T, n) are respectively the formation and destruction rates, Γi(x, T, n), Λi(x, T, n)) are the heating and cooling rates; x includes 14 species: H, H + , H − , He, He + , He
In the energy equation (5) heating by radiation from a hot shocked gas and all relevant cooling processes (such as collisional excitation and ionization, Compton cooling, recombination and bremsstrahlung radiation, cooling by HI, H2 and HD line emission) are accounted for. For the cooling functions of H2 and HD we adopted the expressions given by Hollenbach & McKee (1979) , and Flower et al. (2000) , respectively; note, that the Hollenbach & McKee H2 cooling function practically coincides with the most recent calculations by le Bourlot, Pineau des Forets & Flower (1999) . The other cooling functions connected with excitation and ionization of H and He are taken from Cen (1992) . The chemical reaction rates are taken from Galli & Palla (1998) . The thermo-chemical equations (4), (5) are solved in one collisional time tc; tc is much shorter than the age of the universe at any redshift z. Fig.1 shows an example of physical characteristics of the postshock gas versus temperature in the collision of two minihaloes with the total masses M = 10 7 M⊙ each at z = 20. The fractional ionization x and H2 abundance behind the shock are taken equal to their background values x = 10 −4 and f (H2) = 10 −5 , f (HD) = 10 −9 . Immediately behind the shock concentration of H2 increases very rapidly and reaches its maximum value ∼ 2 × 10 −3 promoting cooling of gas to T ∼ 200 K. If H2 cooling decreases the gas temperature below T = 150 − 160 K the abundance of HD molecules grows fast and HD cooling becomes dominant. It sets a runaway cooling on. At T < 100 K almost all the deuterium is converted into molecular form, and in one collisional time gas cools down to T ≃ 60 K.
HD BEHIND SHOCK WAVES
Haloes of small masses (M < 5 × 10 6 M⊙) merge with slow relative velocities, and the post-shock temperature is so low that fractional ionization remains equal to its postrecombination value x ∼ 10 −4 . As a result, (x, T ) diagrams connecting x(t) and T (t) along evolutionary paths very weakly depend on halo masses, as seen from Fig. 2 . Mergings of more massive haloes produce shocks with temperature T > ∼ 10 4 K, so that fractional ionization can be as high as x ∼ 10 −2 . Immediately behind the shock x starts growing from its pre-shock value to the corresponding equilibrium. However, as the characteristic collisional ionization time is longer than the cooling time, gradual increase of fractional ionization is accompanied by cooling, which in turn weakens the rate of collisional ionization. As a result, fractional ionization remains always lower that the equilibrium value determined by collisional ionization and radiative recombination. At temperature T ≃ 10 saturates at T < ∼ 10 3 K when fractional ionization begins to decrease sharply. HD instead monotonously grows until practically all deuterium is converted into molecular form. The abundance of H2 molecules at the end of baryon compression increases with the mass of the merging haloes, and the minimum temperature reached at this stage becomes lower. When it reaches T < ∼ 150 K a rapid fractionation of HD molecules sets on. For larger halo masses HD cooling dominates and cools baryons down to the temperature of the CMB radiation. Fig. 3 connects variations of temperature and molecular concentrations (H2 and HD) along the evolutionary paths for different masses of the haloes merging at z = 20. Their contribution to the total cooling is shown in Fig. 4 : the transition to the stage with a predominance of HD cooling is clearly seen at M ≃ 10 7 M⊙. The critical mass corresponding to the onset of a predominantly HD cooling is M HD cr ∼ 8 × 10
6 [(1 + z)/20] −2.05 M⊙ as shown in Fig. 5 . This value is factor of 5 higher than the minimum mass of the first objects found by Tegmark et al. (1997) . One may conclude therefore, that at the lower end of masses the primeval gravitationally bound baryon condensations stop cooling at relatively high temperature T ∼ 200 K due to H2 radiation, and HD molecules do not form in sufficient amount to cool the baryons further. However, soon later, at z ≃ 18 more massive haloes can form and merge with a clear predominance of HD cooling, and in principle with lower masses of possible stars. Note, that the critical mass M HD cr is fairly unsensitive to the choice of cooling function. In particular, for the cooling function of Galli & Palla (1998) , who included the collisional rates from Martin, Schwarz & Mandy (1996) and Forrey et al. (1997) , which in the temperature range T Figure 2 . The evolutionary paths connecting fractional ionization and gas temperature behind shocks in collisions of minihaloes of masses 10 6 , 2 × 10 6 , 3 × 10 6 , 5 × 10 6 , 8 × 10 6 , 10 7 (from left to right) at z = 20. The arrows show the direction of evolution of a gas parcel starting from its state immediately behind the shock; paths for the first four masses practically coinside. . The mass-redshift diagram delimitating interval of halo masses, where HD molecules dominate in cooling at low temperatures (this is the range above the dash-dotted line), and halo masses with the postshock baryon layer being gravitationally unstable and subjected to further fragmentation (these masses above the dotted line). The thick solid line shows the 3σ fluctuations in the ΛCDM cosmology; the dashed line shows the minimum mass limit found by Tegmark et al (1997) .
FRAGMENTATION OF THE COLD GAS LAYER
When cooled the shocked gas layer can fragment due to gravitational instability (Stone 1970 , Elmegreen & Elmegreen 1978 , Gilden 1984 . For a layer formed in a collision of two clouds the necessary conditions for instability imply that i) the characteristic growth time is shorter than the collision time, and ii) the critical wavelength is shorter than the initial size of the clouds (Gilden 1984 It is obvious that all these masses at the latest stages are dominated by HD cooling, and therefore the fragments compressed by mutual action of ram pressure and gravitation are able to cool further down to T < 100 K. In the layer formed in a collision of two haloes with masses M = 10 7 M⊙ the corresponding Jeans mass is MJ = 10 3 M⊙, which is less than 1% of the baryonic mass involved into collision. Fig.  6 shows the dependence of Jeans mass in unstable layers on the mass of merging haloes and the redshift z when the haloes merge: thick dotted white line delimits the haloes whose compressed layers are gravitationally unstable -all masses above this line are unstable. The thin solid lines are the iso-Jeans masses in compressed layers. When temperature in the compressed layer goes to the CMB value the Jeans mass becomes independent on redshift.
The lower panel of Fig. 6 shows the gas temperature at the latest stages of gas compression, i.e. at t = tc, for mergings of haloes with masses M at redshift z. It is clearly seen that the compressed gas can cool down to the lowest temperature TCMB(z) in haloes with masses M > M HD cr as their cooling is dominated by HD molecules. Note, that this result does not contradict the conclusions drawn from numerical simulations by Abel et al. (2000 Abel et al. ( , 2002 and Bromm et al. (2002) , because these simulations have been done for halo masses close to the minimum mass expected for first objects.
Fragmentation of a compressed gas layer can be initiated by thermal instability at the stages when H2 and HD begin to dominate radiative cooling. In Fig. 7 (upper panel) temperature dependence of the effective ccoling function Λ(T ) and its logarithmic derivative Φ = (∂ ln Λ/∂ ln T )n are shown in the temperature interval T < 10 4 K, where HI radiative energy losses become unimportant and molecular cooling sets on. The curves corresponding to different masses are plotted in temperature interval from the initial value immediately behind the shock to the lowest value at t = tc. In a non-steady cooling medium without external heating the condition for the isobaric mode to be unstable reads as Φ < 2 (e.g., Shchekinov 1978). It is evident that this condition is fulfiled at T < ∼ 9000 K due to cooling of H2 molecules, and in the lower temperature end at T < ∼ 100 K . In a non-steady cooling medium temperature interval with Φ < 2 is thermally unstable. Initial density value is 1.5 cm −3 . Lower panel: Characteristic mass of condensations formed through thermal instability is shown by dotted lines. Solid lines show Jeans mass in the shocked layer. The solid and dotted lines on both panels are for halo masses M h = 9 × 10 5 , 10 6 , 2 × 10 6 , 3 × 10 6 , 5 × 10 6 , 8 × 10 6 , 1.2 × 10 7 M ⊙ from top to bottom. Each curve is shown in the temperature interval from the initial value T 0 to the lowest value reached at the end of compression t = tc for a given halo mass. Horizontal short-dashed lines show the baryon mass of the same set of halo masses in a reversed order -from bottom to top.
where HD cooling dominates. The characteristic length of thermally unstable perturbations is λR ∼ csτR, where
is the characteristic radiative cooling time. The corresponding masses MR ∼ ρR(λR/2) 3 , estimated for the parameters of a shocked gas, are shown in the lower panel of Fig. 7 ; here ρR is the baryon density at the stage when thermal instability begins. For the haloes of large masses the mass of fragments which can form through thermal instability is lower than the total mass of baryons and Jeans mass practically in the whole temperature range of compressed gas layers. This means that in these conditions thermal instability stimulates subsequent fragmentation of the compressed gas. The minimum mass of fragments expected from thermal instability MR ≃ 10 26 M −3.5 h M⊙ can be as small as MR < 10M⊙ for halo masses M h > 1.2 × 10 7 M⊙. However, thermal instability does not work in the haloes of smaller masses when MR exceeds their baryon mass. As it seen from Fig. 7 this occurs at M h 9 × 10 5 M⊙.
The compressed layers gravitationally unstable against fragmentation, M > M G cr , lie in the halo mass range where HD cooling can keep gas isothermal with temperature close to TCMB. Therefore, once the fragments are formed, they can afterwards either collapse homogeneously or fragment further on smaller masses as prescribed by the hierarchical fragmentation scenario (Hoyle 1953) . At present it is far from being clear which of either paths will be preferred by a gravitationally compressing fragment (see, e.g., discussion in Coppi et al. 2001 , Glover 2004 . The mass of dense clumps which can be reached in the hierarchical fragmentation scenario gives, however, an estimate of the minimum mass of protostellar condensations expected under these physical conditions. If HD molecules are the dominant cooling agent, a hierarchical fragmentation becomes opaque at densities ∼ 10 9 − 10 10 cm −3 . Even though at these densities most of hydrogen converts to molecular form in three-body collisions (Palla et al. 1983 ) its contribution to the total cooling remains negligible because of low temperatures. The corresponding Jeans mass at this stage is MJ ∼ 30T 3/2 CMB n −1/2 M⊙ ∼ 10 −3 (1 + z) 3/2 M⊙ (Vasiliev & Shchekinov 2005) . For z = 10 − 20 this gives a relatively low mass limit: MJ ∼ (0.03 − 0.1)M⊙. A similar estimate for the mass of fragments formed behind the shock waves with velocities 300 km s −1 from supernovae explosions was obtained by Uehara & Inutsuka (2000) . For comparison, the estimates of the minimum mass of the fragments determined by H2 cooling are about 10 2 − 10 3 M⊙ (see for review Ciardi & Ferrara 2004) .
CONCLUSIONS
In this paper we showed that −2.05 M⊙ develop dense baryon layers, where practically all the deuterium becomes confined into HD molecules, which then provide a very efficient radiative cooling;
(ii) In these conditions the shocked baryons can cool down to the lowest temperature T ≃ TCMB = 2.7(1 + z) K;
(iii) The shocked baryon layers can be unstable against gravitational fragmentation when the mass of the merging haloes exceeds M > 10 7 [(1 + z)/20] −2.15 M⊙. (iv) The fragments formed through instability evolve then practically isothermally with T ∼ TCMB, and can in principle undergo further sequencial fragmentation, which stops when the minimum mass M⊙ ∼ 10 −3 (1 + z) 3/2 M⊙ is reached.
(v) This minimum mass is smaller than the one expected when H2 molecules control radiative cooling (Ciardi & Ferrara 2004) . This means that the first stars can be less massive in galaxies with masses M > 8×10 6 [(1+z)/20] −2.05 M⊙, where HD cooling dominates.
